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ABSTRACT
Lee, Kang-Min
O. E.
Rose-Hulman Institute of Technology
August 2016
Designs and Reliability Evaluations of a Scattered Light Measurement System
Thesis Advisor: Dr. Robert M Bunch

The purpose of my work was to develop an in-plane stray light measurement system having
the advantage of being easily applicable in both motion control and optical configurations. First
of all, mechanical designs were conducted based on both 3D modeling and structural analysis
through a finite element method (FEM). Optical configurations for both the incident source and
the detector were designed to achieve minimum observed source convergence angle of the
system. The control panel and micro stepping system were programmed for automated
measurement. Finally, the designed system was calibrated and aligned. In order to evaluate the
system reliability for scatter measurements from various surface conditions, a total of 9 samples
were used. Scattering analysis for bidirectional scatter distribution functions of the samples were
conducted: rough surface, smooth surface and small particles. ABg model, Rayleigh-Rice theory
and Generalized Harvey-Shack theory were used to verify the scatter measurements. The results
indicate that the designed system was appropriately developed for measuring scattering
phenomena by rough surface, smooth surface and small particles.
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1. INTRODUCTION
Scatter measurement is a useful indicator for the study of surface qualities in a variety of
surface conditions such as metallic coatings, painted surfaces, polished surfaces, paper, defects
and contaminations on surfaces. Instruments that measure light scattering have been developed
in industry and academia for many years [1]. The commercial instruments provide customized
specifications to suit preferences of a wide variety of users. But there are still disadvantages
because customization comes with an expensive price, or it is usually hard for a user to modify
the customized configurations including mechanical and optical setups for compatibility with
other instruments.
The purpose of this study was to develop an automated light scattering measurement system
that can be easily applicable in both motion control and optical configurations and verify the
system reliability for scatter measurements from various samples. In general, the instrument
should contain a detector mounted on an automated goniometric arm that measures scattered
light from a surface illuminated by a laser beam focused on to a point at the detector aperture, in
a single plane of incidence for all angles of scatter [1]. Therefore, a rotary actuator that provides
controllable movement is required for this system. Parker Hannifin Corporation is famous for
highly engineered motion and control systems in engineering fields [2]. Among their rotary
actuators, the micro-stepping drive/controller (SX57-83) provides 16 user selectable motor
resolutions to 50,800 steps/rev with high torques from 65 to 100 oz-in (0.71 N-m), and the rotary
table (200RT) from Parker offers the following capacities: drive ratio of 180:1 and load capacity
of 150 lbs (68 kg). Both units paired together enable a user to control radial motion with high
resolution of 4 × 10−5 degrees. The radial motion of the micro stepping controller has enough
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capacity to be applied for operating the goniometric arm. For these reasons, the measurement
system had been developed based on the rotary actuator.
Mechanical components for the goniometric arm were designed through both 3D modeling
and stress analysis, satisfying high compatibilities of the arm with other optical components.
Optical layouts of the incident laser source and the detector on the instrument were conducted to
achieve high measurement resolution and minimize observed source convergence angle which is
an important factor for the case of near scatter measurements [3]. A control panel in LabVIEW
was programmed to drive both the stepping controller and the lock-in amplifier with minimal
user interaction in system operation.
Eight test surface samples and one sample containing small particles suspended in a liquid
were used for verifying the system measurement performance. The surfaces for the samples are
isotropic and have different roughnesses. The surface samples are for bidirectional reflectance
distribution function (BRDF) measurement, and the particle sample is for bidirectional scatter
distribution function (BSDF) measurement. The eight test samples consist of six surface samples,
an Al mirror and a polished Al mirror. The surfaces for the six surface samples were observed by
a Zygo NewView 6300 optical profiler, and atomic force microscopy (AFM) was used to observe
the surfaces for the mirrors. Their surfaces were defined by Rayleigh criterion from smooth
surface to very rough surface. In the case of the BRDF measurement, their BRDFs were
measured at incident angles of 20º, 45º and 70º for investigating scattering behaviors from
various incident angles.

３

It was observed that the particle sizes were larger than the wavelength of the laser source in
scanning electron microscopy (SEM). This means that the light scattering by the particles is
expected as a sum of Mie scattering and geometric scattering. Based on this, the BSDF and
intensity distribution from the particles were analyzed at scattering angles from 0° to 360°.
The ABg model is a convenient formula for deriving scatter models, and its parameters
provide good criterion for evaluating measured BSDF as discussed elsewhere [4, 5, 6, 7]. In this
research, BRDFs for the test surface samples were compared, and ABg models were applied to a
moderately rough surface and a very rough surface among the test samples. The measured data
from the two surfaces were analyzed through their ABg parameters.
Advantages of generalized Harvey-Shark (GHS) scattering theory have been discussed by
numerous researchers [8, 9, 10, 11]. For application in the theory, the researchers have shown a
procedure to show distinct characteristics of BRDFs predicted by inverse scattering theories of
both Rayleigh-Rice and GHS models in the smooth surface approximations. In the BRDF
prediction, power spectral densities (PSD) of a smooth surface were separately predicted from
measured BRDF by solving the inverse theories of both models in smooth surface
approximations. Then, ABC models (K-correlation) were fit to each predicted PSD, and the
BRDFs were restored by both theories with their fitted ABC models.
The Al mirror sample was used as a smooth test surface. A second mirror sample was
polished to obtain a moderately smooth surface with surface scatter. The BRDFs were predicted
using standard models following the procedure above and compared with the measured BRDFs
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to investigate whether the predicted BRDFs follow the typical characteristics. From the
investigation, the reliability of the measurement system for smooth surfaces was determined.
Even though there are still improvement points, the results indicate that the scatter
measurement system was appropriately developed for measurement from rough surface, smooth
surface and small particles.

５

2. THEORY
In everyday life, light scattering is with us everywhere. Everything we can see is light
scattered by surfaces or volumes within the visible frequency range. In the physical approach to
light scattering, when the wave fronts of a light source impact a surface, dipole reactions over the
surface cause the wave front to be both reflected and transmitted in changes of phase, amplitude
and direction. Reflected and transmitted waves incident on a surface lead to both interference
and diffraction according to the principle of superposition of waves. Both are physically the same
and merely dependent on the number of the waves in the principle. Interference indicates
superposition of a few different waves, whereas diffraction means that a huge number of waves
are superposed (Huygens’s Principle) [12]. Therefore, light scattering is a general term that refers
to phenomena that arises from areas of fundamental optics.
In practice, because of the wide range of the surface conditions and materials, the complex
superposed waves we call light scattering are often complicated and unattainable from a physical
model. For these reasons, researchers have defined scatter characteristics as bidirectional scatter
distribution function (BSDF) using statistical approaches for reflectivity, transmissivity and
index of refraction [1].
Rayleigh-Rice vector perturbation theory, which relates power spectral density (PSD) of a
surface with diffraction grating equation, is well known for converting BRDF measurements into
surface statistics. The surface statistics are considered under the sample topography that can be
represented in a summation of sinusoidal surfaces through Fourier analysis. In this case, the
theory provides great insight into the relationship between diffraction from the smooth sinusoidal
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surfaces and surface roughness [13]. However, even though the Rayleigh-Rice theory agrees well
with experimental wide-angle scatter measurements from “smooth” surfaces for arbitrary
incident and scattering angles, several disadvantages have been identified, and all applications of
interest do not satisfy the smooth surface criterion [1, 14, 15]. With an effort to solve the
disadvantages, Harvey and Shack (1976) developed a linear systems formulation of surface
scatter theory which is called “Harvey-Shack surface scatter theory (H-S surface scatter theory)”,
where the scattering behavior is characterized using a surface transfer function [16, 17]. However,
the theory does not account for contributions between evanescent waves and propagating waves
and assumes scalar reflectance (no polarization effects) and paraxial optics (no difference of light
scattering in paraxial region) [10]. Krywonos et al. and Harvey extended this theory, which is
called generalized Harvey-Shack (GHS) surface scatter theory, to complement the H-S surface
scatter theory. The GHS surface scatter theory provides more accurate results in descriptions of
surface scatter than the Rayleigh-Rice theory [15, 18].

2.1 Radiometry
Radiometry is the fundamental science in measurement of electromagnetic radiation to
characterize the energy content of the radiation. Radiant energy, radiant flux, irradiance, radiant
intensity and radiance are essential to understand BSDF. Thus before explaining scattering
theories, the radiometric quantities and physical terms are introduced in this section.

７

𝒅𝑨
Central Ray

𝜱𝒆

Source

𝒅𝜴
Figure 2.1: Schematic view of irradiance (flux per cross section)

In radiometry, radiant energy stands for how much electromagnetic radiation transports
energy along its propagation. The energy is notated as 𝑸𝒆 (J = joules). Radiant flux or radiant
power is defined as the radiant energy per unit time and notated as 𝜱𝒆 = 𝒅𝑸𝒆 / 𝒅𝒕 with units of
watts (1 W = 1 J/s). As shown in Figure 2.1, the radiant flux (𝜱𝒆 ) from the point source is
incident onto cross section (𝒅𝑨). In this case, radiant flux per unit cross section area is called
irradiance notated as 𝑬𝒆 . The equation for irradiance is given by

𝑬𝒆 =

𝒅𝜱𝒆
𝒅𝑨

(1)

In geometry, the solid angle is defined to represent how large the area on the sphere surface
appears to an observer looking from the source at certain distance. As illustrated in Figure 2.2 (a),
in the solid angle, the area (A) on the surface of a sphere increases by the square of radius
increment. It is defined as the area on the surface of a sphere divided by the square of radius of
the sphere. The equation for differential solid angle is given by

𝒅𝜴 =

𝒅𝑨
𝒓𝟐

(2)

８

In scatter measurement, 𝒅𝑨 is the area of the detector aperture, and 𝒓 indicates the distance
of the aperture from the illuminated region of the sample. Even though the unit is referred to as
steradian (sr), it has no actual dimension.
(𝐚)

(𝐛)

𝛀

A
A
A

A

A
A

Source

r

𝒅𝑨 𝜱𝒆

A

A

A
A

A

r

A

𝒅𝜴

A

A

𝜽
𝒅𝑨𝒑

2r

Normal

3r

Figure 2.2: Schematic views of solid angle (a) and radiance (b)

Radiant intensity is defined as radiant flux (𝜱𝒆 ) per unit of solid angle (𝜴), and it is notated
as 𝑰𝒆 = 𝒅𝜱𝒆 / 𝒅𝜴 in unit of watts/steradian. Another radiometric quantity that describes on
extended source is radiance. Radiance can be imagined as that light emitted from the surface area
(𝒅𝑨𝒑 ) or incident onto a surface that propagates in a certain direction as illustrated in Figure 2.2
(b). The radiance is defined as the radiant intensity per unit of projected area which is
perpendicular to the propagation direction, and its equation is given by

𝑳𝒆 =

𝒅𝑰𝒆
𝒅𝑨𝒑 𝒄𝒐𝒔𝜽

=

𝒅𝟐 𝜱𝒆
𝒅𝜴 (𝒅𝑨𝒑 𝒄𝒐𝒔𝜽)

(3)
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When all radiation from a reflector or radiator is uniform in all directions, the radiant
intensity is dependent on a fixed aperture size of a detector at specific distance from the radiating
surface. This is called a Lambertian source. The radiant intensity has maximum value at the
angle 𝜽 = 0°. As the aperture moves along the angle 𝜽 at distance r, the intensity follows
Lambert’s cosine law (𝑰𝒆 (𝜽) = 𝑰𝒆 (𝟎) cos𝜽). Lambert’s cosine law in perfect diffuse and
radiance can be represented in following equation:

𝑳𝒆 =

𝑰𝒆 (𝜽)
𝑨𝒑 𝒄𝒐𝒔𝜽

=

𝑰𝒆 (𝟎) 𝒄𝒐𝒔𝜽
𝑨𝒑 𝒄𝒐𝒔𝜽

=

𝑰𝒆 (𝟎)
𝑨𝒑

(4)

Thus when the surface is perfectly diffused by an incident beam, the radiance is only
dependent on the area.

2.1.1 Reflection of Light
When light is incident on a surface like a perfect mirror, the angle of the reflected light is
equal to the angle of the incident light with respect to the normal axis to the mirror surface. This
phenomenon is referred to as specular reflection. In reality, even though it seems to be perfect
reflection, there exists diffusion of unexpected light from the reflection.
As illustrated in Figure 2.3, the light reflection phenomenon is dependent on the surfaces that
are often characterized as: mirror-like surface, Lambertian surface and contaminated or rough
surfaces. For the case of the ideal mirror-like surface, the incident beam is reflected following the
specular reflection as shown in Figure 2.3 (a). For Lambertian surfaces, as mentioned in Section
2.1, the diffused light uniformly radiates from where a ray of light strikes a surface as illustrated
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in Figure 2.3 (b). On the other hand, Figure 2.3 (c) shows the most typical phenomenon of
reflection In general, this is referred to as light scattering which represents diffused light
superposed randomly.
Every reflection contains both coherent components and incoherent components like a
specular reflection or diffuse scattering [19].
(𝐚)
Incident Light

Normal
Specular Light

(𝐛)
Incident Light

Normal

(𝐜)

Normal

Incident Light

Figure 2.3: Schematic views of different reflections: specular or “mirror-like” (a),
Lambertian surface (b) and mixed reflection (c)

2.1.2 Bidirectional Scatter Distribution Function
Bidirectional scatter distribution function (BSDF) has been an important metric for optical
engineers to analyze light scattering from a surface. BSDF is the union of two subsets:
bidirectional reflectance distribution function (BRDF) and bidirectional transmittance
distribution function (BTDF) [1]. BRDF and BTDF can be defined by reflective and transmissive
measurement on samples respectively. BSDF is simply a goniometric measurement of the light
scattering from the surface of a material. Thus without huge efforts to mathematically define
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both surface geometry and light propagation, we can analyze the scatter characteristic through
BSDF.

Y
Scattering Plane

Scatter
𝜱𝒔

𝜴
Plane of Incidence

𝝓𝒔

𝜽𝒔

X

Sample

𝜽𝒊
𝜱𝒊

Incident Beam

Z

𝜱𝒓

Specular Beam

Figure 2.4: Schematic view of geometry for definition of BRDF

The derivation and notation for BRDF was first defined by F.E. Nicodemus et al (1977) who
developed a model to explain light reflectance that are neither completely diffuse nor completely
specular [1]. Figure 2.4 illustrates geometry of incident beam, specular reflection and light
scatter for the definition of BRDF, and the polar angles, 𝜽𝒊 and 𝜽𝒔 , represent the angles of the
propagation vectors of radiant fluxes 𝜱𝒊 and 𝜱𝒔 with respect to z-axis normal to the surface in
respectively. The azimuthal angle 𝛟𝐬 is defined as originating from the x-axis parallel to the
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sample surface in the plane of incidence to the scattering plane defined by the normal axis to the
surface, and the scattered flux 𝜱𝒔 . 𝜱𝒓 is radiant flux of the specular beam.
The BSDF is defined as the differential scattered radiance divided by the differential incident
irradiance. As discussed in Section 2.1, the irradiance received at surface is the light flux incident
on a surface per unit area, and the radiance is the light flux scattered through solid angle 𝛀 per
unit projected solid angle per unit area of the source. The projected solid angle is calculated by
multiplying solid angle with cos 𝜽𝒔 . Therefore, the BSDF is given by

BSDF ≡

𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒕𝒊𝒂𝒍 𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆
𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒕𝒊𝒂𝒍 𝒊𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆

≡

𝒅𝟐 𝜱𝒔
𝒅𝜱𝒊 𝒅𝜴 𝒄𝒐𝒔𝜽𝒔

≅

𝜱𝒔
𝜱𝒊 𝜴 𝒄𝒐𝒔𝜽𝒔

≅

𝑷𝒔
𝑷𝒊 𝜴 𝒄𝒐𝒔𝜽𝒔

(5)

where 𝑷𝒔 and 𝑷𝒊 are the measured power (W) of scattered and incident rays respectively.
The measurement of BSDF is allowed for all incident angles and all scatter angles. The unit of
BSDF is inverse steradians, and the value of BSDF is dependent on the 𝑷𝒔 and 𝛀 quantities.
For instance, when the specular reflection is measured from an ideal mirror, 𝑷𝒔 / 𝑷𝒊 is 1, and
BSDF becomes 1/ 𝛀. As a result, BSDF can be very large when the solid angle (𝛀) is very
small. BSDF can also take on either very large or very small values due to the term cos 𝜽𝒔 .
The approximation used in Eq. (5) is valid when scattered light is measured with a finite
diameter aperture, due to measurement distortions by aperture size, which is called aperture
convolution. For the more precise approximation, the flux density should be reasonably constant
over the detector aperture. Therefore, both the incident beam focusing on the aperture and the
small aperture size of the detector are recommended to facilitate the aperture convolution and
approximation which leads to more accurate BSDF measurements.
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In this research, the output voltage from the PMT is proportional to the radiant flux of both
the incident and scattered ray because the amount of photon flux incident on a scintillator in the
PMT is amplified and turns into the voltage signal. Therefore, Eq. (5) can be modified as

BSDF ≅

𝑷𝒔
𝑷𝒊 𝜴 𝒄𝒐𝒔𝜽𝒔

≅

𝑽𝒔
𝑽𝒊 𝜴 𝒄𝒐𝒔𝜽𝒔

(6)

where 𝑽𝒔 and 𝑽𝒊 represent the output voltages from the PMT for scattered and incident
rays respectively, and its units are also inverse steradians. Therefore, the output voltage values
from the PMT were used to compute the BSDF.

2.2 Scattering Models
As mentioned in the introduction, theoretical BRDF for a smooth surface is predicted using
Rayleigh-Rice perturbation theory and Generalized Harvey-Shark surface scatter theory. In this
procedure, two power spectral densities (PSD) of a surface are predicted by the both theories
from measured BRDF. Then ABC models (K-correlation) are fit to each predicted PSD, and the
BRDFs are restored from the fitted ABC models. The ABg model is fit to the measured BSDF
⃗⃗ − ⃗⃗𝜷𝒐 |. In this research, the ABg model was used to
which is plotted as a function of |𝜷
evaluate scatter measurement results through ABg parameters.
In this section, Rayleigh-Rice perturbation theory, Shack surface scatter theory, ABC model
and ABg model are explained briefly. In addition, Rayleigh and Mie scattering are also
introduced.

１４

2.2.1

Rayleigh-Rice Perturbation Theory

Rayleigh-Rice relates the scattered power density per unit incident power from a smooth
surface with the surface power spectral density function [1]. The relationship is described in the
following equation
𝒅𝑷

(𝒅𝜴𝒔 ) 𝒅𝜴𝒔
𝒔

𝑷𝒊

=

𝟏𝟔𝝅2

(

𝝀4

) 𝒄𝒐𝒔𝜽𝒊 𝒄𝒐𝒔2 𝜽𝒔 𝑸𝜶𝜷 𝑷𝑺𝑫(𝒇𝒙 , 𝒇𝒚 ) 𝒅𝜴𝒔

(7)

where the spatial frequencies 𝒇𝒙 and 𝒇𝒚 are defined as 𝒇𝒙 = (𝒔𝒊𝒏𝜽𝒔 𝒄𝒐𝒔𝝓𝒔 − 𝒔𝒊𝒏𝜽𝒊 ) / 𝝀
and 𝒇𝒚 = 𝒔𝒊𝒏𝜽𝒔 𝒔𝒊𝒏𝝓𝒔 / 𝝀. The quantity (𝒅𝑷𝒔 / 𝒅𝜴𝒔 ) 𝒅𝜴𝒔 / 𝑷𝒊 indicates the power scattered
in the scatter direction through 𝒅𝜴𝒔 per unit incident power. By dividing both sides with
differential solid angle 𝒅𝜴𝒔 and cos 𝜽𝒔 , the relationship can be modified as

BRDF ≅

𝒅𝑷𝒔
𝑷𝒊 𝒅𝜴𝒔 𝒄𝒐𝒔𝜽𝒔

=

(

𝟏𝟔𝝅2
𝝀4

)

𝒄𝒐𝒔𝜽𝒊 𝒄𝒐𝒔𝜽𝒔 𝑸𝜶𝜷 𝑷𝑺𝑫(𝒇𝒙 , 𝒇𝒚 )

(8)

The dimensionless quantity 𝑸𝜶𝜷 indicates the reflectivity polarization factor. The
polarization factor depends on incident and scattered polarization states having different forms
on BRDF measurement. It also has a function of the sample complex dielectric constant plus the
angles of incidence and scatter [1]. The subscripts 𝜶 and 𝜷 on 𝑸𝜶𝜷 express polarization states
of the incident and observed rays respectively. The following equations show simplified
relationships of the polarization factor according to the both polarization states.
𝑸𝒔𝒔 = 𝒄𝒐𝒔𝟐 𝝓𝒔
𝑸𝒔𝒑 = (𝒔𝒊𝒏𝝓𝒔 / 𝒄𝒐𝒔𝜽𝒔 )𝟐

(9)
(10)
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𝑸𝒑𝒔 = (𝒔𝒊𝒏𝝓𝒔 / 𝒄𝒐𝒔𝜽𝒊 )𝟐

(11)

𝑸𝒑𝒑 = [(𝒄𝒐𝒔𝝓𝒔 − 𝒔𝒊𝒏𝜽𝒊 𝒔𝒊𝒏𝜽𝒔 ) / (𝒄𝒐𝒔𝜽𝒊 𝒄𝒐𝒔𝜽𝒔 )]𝟐

(12)

There is a criterion for checking whether the measurement condition for a sample is valid or
not. The smooth-surface criterion for the Rayleigh-Rice surface scatter theory is written below,
which is called “𝒈𝑩 ” by Beckmann [1, 20].

𝒈𝑩 =

𝟒 𝝅 𝝈𝒓𝒆𝒍 𝒄𝒐𝒔𝜽𝒊 𝟐
) ≪
𝝀

(

𝟏

(13)

The Rayleigh-Rice vector perturbation theory had been the most rigorous analytical solution
of Maxwell’s equations for smooth surface limit [9], and the equation was developed assuming
that a surface is "smooth". Therefore, it would be expected that the theory would be false for
"rough" surfaces. In this research, it was applied to scatter measurements from the Al mirror and
the polished Al mirror.

2.2.2

Generalized Harvey-Shack (GHS) surface scatter theory

Generalized Harvey-Shack (GHS) surface scatter theory was developed by Krywonos and
Harvey [11]. It is a generalization of the Fourier optics treatment of light scattering known as the
Harvey-Shack theory that is based on the Helmholtz equation, a scalar theory. The light
scattering from a surface with Gaussian surface height distribution function is described using a
surface transfer function. The following equation is the surface transfer function for GHS model:

̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 ) = 𝒆𝒙𝒑{−[𝟐 𝝅 𝝈
𝑯𝒔 (𝒙
̂ 𝒓𝒆𝒍 (𝜸𝒊 + 𝜸𝒔 )]𝟐 [1 −

̂,𝒚
̂)
𝑨𝑪𝑽(𝒙
𝝈𝟐 𝒕𝒐𝒕𝒂𝒍

]}

(14)
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̂ and 𝒚
̂ indicate the normalized coordinates: x / 𝝀 and y / 𝝀 respectively. 𝜸𝒊
The terms 𝒙
= cos 𝜽𝒊 and 𝜸𝒔 = cos 𝜽𝒔 are the cosines of the incident and the scatter angles, and 𝛔
̂𝐫𝐞𝐥 =
𝛔𝐫𝐞𝐥 / 𝛌 is the normalized roughness. The function ACV is a surface autocovariance function
which includes surface roughness information along both vertical and lateral directions. For
normal incidence, this relevant roughness can be obtained by the square root of the integral of
the PSD from f = 0 to 1 / 𝝀.
The BRDF can be calculated by the Fourier transform of the GHS surface transfer function
multiplied by the total reflectance of a surface. The total reflectance can be replaced by the
polarization factor 𝑸𝜶𝜷 which enables the theory to explain properties of polarization states in
GHS. Therefore, BRDF by GHS surface scatter theory is given by
̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 )}
𝑩𝑹𝑫𝑭 = 𝑸𝜶𝜷 𝑭{𝑯𝒔 (𝒙

(15)

Harvey refers to this procedure as “borrowing” the Rayleigh-Rice optical factor [9]. For
small incident and scatter angles, it can be shown that 𝑸𝜶𝜷 is equal to the total reflectance [1].
The surface transfer function in Eq. (8) can be written again as the following equation:
̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 ) = A(𝜸𝒊 , 𝜸𝒔 ) + B(𝜸𝒊 , 𝜸𝒔 ) 𝐆(𝒙
̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 )
𝑯𝒔 (𝒙

(16)

̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 ) are written respectively:
Where the functions A(𝜸𝒊 , 𝜸𝒔 ), B(𝜸𝒊 , 𝜸𝒔 ) and 𝐆(𝒙
A(𝜸𝒊 , 𝜸𝒔 ) = 𝒆𝒙𝒑{−[𝟐 𝝅 𝝈
̂ 𝒓𝒆𝒍 (𝜸𝒊 + 𝜸𝒔 )]𝟐 }

(17)

B(𝜸𝒊 , 𝜸𝒔 ) = 𝟏 − 𝒆𝒙𝒑{−[𝟐 𝝅 𝝈
̂ 𝒓𝒆𝒍 (𝜸𝒊 + 𝜸𝒔 )]𝟐 }

(18)
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𝝈𝟐 𝒓𝒆𝒍
̂,𝒚
̂)} − 𝟏
𝑨𝑪𝑽(𝒙
𝝈𝟐 𝒔
̂𝟐 𝒓𝒆𝒍 − 𝟏
𝒆𝒙𝒑[𝟐 𝝅 (𝜸𝒊 +𝜸𝒔 )]𝟐 𝝈

̂ 𝒓𝒆𝒍
𝒆𝒙𝒑{[𝟐 𝝅 (𝜸𝒊 + 𝜸𝒔 )]𝟐 𝝈

̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 ) =
𝑮(𝒙

(19)

For smooth surfaces (𝝈
̂ 𝒓𝒆𝒍 << 1), it is possible to make the following explicit approximations
to Eq. (17) – (19):
A(𝜸𝒊 , 𝜸𝒔 ) ≈ 𝟏 − [𝟐 𝝅 𝝈
̂ 𝒓𝒆𝒍 (𝜸𝒊 + 𝜸𝒔 )]𝟐

(20)

B(𝜸𝒊 , 𝜸𝒔 ) ≈ [𝟐 𝝅 𝝈
̂ 𝒓𝒆𝒍 (𝜸𝒊 + 𝜸𝒔 )]𝟐

(21)

̂, 𝒚
̂; 𝜸𝒊 , 𝜸𝒔 ) ≈ 𝑨𝑪𝑽(𝒙
̂, 𝒚
̂) / 𝝈𝟐 𝒔
𝐆(𝒙

(22)

Finally, with the approximated surface transfer function, the BRDF by Eq. (15) can be written
as

𝑩𝑹𝑫𝑭 =

𝟒 𝝅𝟐

(

𝝀𝟒

)

𝑲 (𝒄𝒐𝒔𝜽𝒊 + 𝒄𝒐𝒔𝜽𝒔 ) 𝑸𝜶𝜷

𝝈𝟐 𝒓𝒆𝒍
𝝈𝟐 𝒔

𝑷𝑺𝑫(𝒇𝒙 , 𝒇𝒚 )

(23)

Here the PSD is the two dimensional surface PSD function. More detailed information for
this equation can be found in the Ph.D. dissertation by Krywonos, A. [11]. In this research, the
normalization constant (K) and 𝛔𝐫𝐞𝐥 / 𝛔𝐬 were estimated as 1 following the smooth surface
approximation of the GHS surface scatter theory [18].
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2.2.3 ABg Model
ABg model describes BSDF as linear-shift invariant functions which can be illustrated as a
function of the difference between the sine of the specular angle and the sine of the scattered
angle rays. The following conditions are required for the ABg model to be valid: isotropic
surface, small surface roughness and spatial frequency band width limits. Figure 2.5 shows the
geometry used in the derivation of this model.

Plane of Incidence
Normal

𝜽𝒔

⃗𝒊
𝒓

𝜽𝒐

⃗𝒔
𝒓

⃗𝒐
𝒓

⃗⃗𝜷

⃗⃗ 𝒐
𝜷
Surface
Figure 2.5: Schematic view of projected vectors of scattered and specular beams

⃗⃗ and 𝜷
⃗⃗ 𝒐 indicate the projected vectors of scattered and specular rays on the
The terms 𝜷
surface, and each projected vector is given by
⃗⃗ = 𝒓
⃗⃗ 𝒐 = 𝒓
⃗ 𝒔 𝒔𝒊𝒏𝜽𝒔 and 𝜷
⃗ 𝒐 𝒔𝒊𝒏𝜽𝒐
𝜷

(24)

where 𝜽𝒔 and 𝜽𝒐 indicate the scatter angle and specular angle, respectively, and are
⃗ 𝒊, 𝒓
⃗ 𝒐 and 𝒓
⃗ 𝒔 are vectors of the
measured with respect to the surface normal. The parameters 𝒓
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incident light ray, the specular ray and the scattering ray respectively. These vectors are unit
⃗⃗ and 𝜷
⃗⃗ 𝒐 are taken in the plane of incidence.
vectors. The case of in-plane scatter measurement, 𝜷
⃗⃗ − ⃗⃗𝜷𝒐 | in the scatter measurement. Its
Thus, BSDF can be expressed as a function of |𝜷
expression is an effective way to compare scattered light in positive and negative specular
regions. BSDF of the ABg scattering model is typically written as

⃗⃗ , ⃗⃗𝜷𝒐 ) =
𝑩𝑹𝑫𝑭𝑨𝑩𝒈 (𝜷

(

𝑨

⃗⃗ − ⃗⃗𝜷𝒐 |𝒈
𝑩+|𝜷

)

(25)

In the above equation, A indicates the amplitude parameter determined at the specular
direction, and the parameter ratio A / B represents the specular peak of BRDF. B is often called
the roll-off parameter, which determines a breakpoint that the function transitions decay in an
exponential form on a logarithmic plot. The parameter g determines the rate of slope of the decay
of BRDF. These parameters describe the scattering characteristics in the surface conditions. Thus,
scatter behavior can be estimated through the parameters A, B, and g. For example, when the
parameter g which indicates the rate of slope is close to zero, the scatter phenomenon shows
uniform diffuse reflection (Lambertian surface).

2.2.4 ABC Model (K–correlation)
Power spectrum density (PSD) of a smooth surface is close fits to an algebraic form. The
algebraic form, ABC model (K-correlation) is commonly used for predicting the PSD [1, 21, 22].
It can express the PSD for one- and two-dimensional profiles in terms of the parameters A, B,
and C. The profiles are given by
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𝑷𝑺𝑫(𝒇𝒙 )𝟏−𝑫 =

𝑨

(

[𝟏+(𝑩𝒇𝒙 )𝟐 ]𝑪/𝟐

)

𝑨𝑩

𝑷𝑺𝑫(𝒇)𝟐−𝑫 = (𝑲

𝟐 (𝑪+𝟏)/𝟐

(26)

)

(27)

[𝟏+(𝑩𝒇) ]

where

𝑲 =

𝟏
𝟐√𝝅

𝜞[(𝑪+𝟏)/𝟐]

(

𝜞(𝑪/𝟐)

)

(28)

The parameter A is determined by the profile spectrum in the low frequency region. The
parameter B is related to the correlation length. Moreover, B determines the frequency location
of the breakpoint on a logarithmic plot so that it has a role as a low-pass filter. The parameter C
indicates that rate of decay of the PSD at high frequencies.

2.3 Light Scattering by Particles
Light scattering by spherical particles can be divided mainly into two types according to
particle size. One is Rayleigh scattering, which is uniform diffuse radiation when the particle size
is much less than a wavelength. The other is Mie scattering, which is forward scatter. The
characteristics of each scattering are illustrated in Figure 2.6. Rayleigh scattering occurs when
the dimensions of the particles are much smaller than the wavelength of the incident
electromagnetic radiation. For instance, the blue color of the sky and red sunset can be explained
by the Rayleigh scattering. Due to the small particle size, it exhibits strong wavelength
dependence. On the other hand, Mie scattering occurs when the dimensions of the particles is
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equal or larger than the wavelength of the incident electromagnetic radiation. An example is a
rainbow in sky, which is light scattering phenomenon by small water droplets from clouds. More
detail information for both can be found in [23].

Incident Beam

Rayleigh Scattering

Mie Scattering

Figure 2.6: Schematic views of Rayleigh scattering and Mie scattering

2.4 In-plane Scatterometer
Numerous models for BSDF measurement systems have been developed [1, 24, 25, 26]. The
systems are normally based on Gonio-photometer. It is typically composed of light source,
sample mount, detector, a computer for control and electronic package. For the light source,
lasers are normally used for investigating the wavelength effects on scattering behaviors. The
schematic view of BSDF measurement is illustrated in Figure 2.7. As shown in the schematic
view, the light source is chopped, spatially filtered, diverged, focused through an optical system,
and finally focused on the detector aperture.

２２
Detector
Forward Scattering Region

𝟎°
𝜽𝒐

Backward Scattering Region

𝜽𝒊
Incident Source

Sample

Goniometric Stage

Figure 2.7: Schematic view of stray scattered light in scatter measurement

A beam chopper system and DSP lock-in amplifier are used to improve the detection of
optical and electronic signals in the presence of noise on the light scatter signal. The DSP lock-in
amplifier (SR830) filters out anything not at the chopping frequency, allowing the chopped beam
signal to pass through with less noise. The lock-in requires a reference signal to obtain the
necessary timing signal for processing the chopped beam. In this case, the reference signal can
be obtained from the chopper. Further explanation for this is described in Chapter 5. Polarizers,
apertures, neutral density filters, and optics for focusing are part of the illumination unit.
Polarizers determine polarization states and allow analysis of polarization effects on the light
scattering. The neutral density filters adjust the amount of scatter radiation from the incident
source, and the apertures are used to minimize source noise and allow for constant flux density
of the focused beam. The optics focuses the incident laser beam passing through a sample along
the detector path. The spot size on the sample and the detector is obviously determined by the
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system geometry of the illumination units and can be also conveniently adjusted by changing
optical elements like the focal length of focusing lens or position of the focusing optics.
Note that in this configuration of the detector arm having one rotational degrees of freedom
(DOF) is called “In-plane scatterometer”. This implies that the scattered light is detected in plane
of incidence, thus azimuthal angle (𝛟𝐬 ) is zero. The normal axis to the surface is zero degree of
scatter angle. There are two regions forward and backward scattering. Forward scattering region
is when the angle of scatter is larger than the specular angle, and backward scattering region is
when the scattering angle is smaller than the specular angle.

2.4.1 Observed Source Convergence Angle
There are undesired sources which can significantly affect the BTDF measurement near the
specular beam: light reflections on the focusing lens, stray light associated with the illumination
unit, and aberration and diffraction. The near specular contributions to measure light scattering
are greatly reduced by the sources within the boundary angle (𝜽𝑵 ). The angle is so called
“observed source convergence angle”. The effects of the sources can be substantially improved
by the optical setup that uses a geometrical approach to minimize the boundary angle [1]. The
boundary angle is defined as the angle from the specular beam when the illuminated spot by the
focusing lens has left the detector’s field of view. As shown in Figure 2.8, light scattered from
the top of the focusing lens reaches the edge of the detector aperture through the bottom of the
sample holder. In this case, the field of view is limited by the sample holder.
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Figure 2.8: Schematic view of the calculation of the observed source convergence angle

At small angle approximation, sin𝜃 = 𝜃, the angle can be derived as

𝜽𝑵 = 𝟒 𝝎𝒄

(

𝟏

𝑫𝑳

+

𝟏
𝑫𝑹

)

+

𝒓𝒔
𝑫𝑹

(29)

where

𝝎𝒄 =

𝟏
𝟐

𝒓𝒄

(30)

The distances 𝑫𝑳 and 𝑫𝑹 are measured from the sample to the detector and from the
focusing lens to the sample respectively. 𝒓𝒔 and 𝒓𝒄 indicate radiuses of the aperture on the
detector and the sample holder (or focused light on a sample) respectively. The radius of the
focusing lens is 𝒓𝒎 , and the radius 𝒓𝒄 can be estimated by trigonometric ratio of 𝑫𝑳 , 𝑫𝑹 and
𝒓𝒎 .
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3. DESIGN OF LIGHT SCATTERING MEASUREMENT SYSTEM
3.1 Introduction
In this Chapter, design parameters and design processes for developing the in-plane optical
scatterometer system are introduced. The design process is divided into two main parts. First is
the mechanical design and a control for the micro-stepping drive/controller (SX57-83) to
automate the goniometric arm.

Lock-in Amplifier
Automated Goniometric Arm

Chopper System

Micro Stepping
Drive/Controller
(SX57-83)

Control Panel

Laser Illumination
Unit
Figure 3.1: Overall instruments of scattering goniometer system
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The second is the optical design which includes incident illumination and detector optics. The
automated goniometric arm enables scatter measurements to be collected using an A/D convertor
in association with the control of the stepping controller by a LabVIEW program running on a
computer. Figure 3.1 shows a 3D model of the automated arm and overall instruments of
scattering goniometer system. Through the 3D model, each component was designed and
assembled, and its motion was simulated in order to verify the radius of rotation. Finally, the
optimal component models were determined facilitating their machining process and assembly.
Moreover in the case of a design of the detector mount rail, its stress and safety factor were
analyzed through FEM before being machined.
The entire system has been installed in an optical vibration-isolation table 4.8ft x 10ft (1.5 m
x 3 m) which has 1/4"-20 mounting holes. The incident laser illumination unit and the detector
unit were arranged optically and geometrically considering Eq. (29) in order to satisfy harmony
with the optical table and minimize an observed source convergence angle for high performance
of near-specular scatter measurement. A chopper system (MC2000) and a lock-in amplifier
(SR830) were used to minimize signal noise.
Figure 3.2 shows a block diagram of the system design decomposition. In terms of the
measurement system, it consists of four functional main parts which are incident laser
illumination setup, actuator, detection and software. The parts are harmonized with each other
for desire performance of scatter measurement. Table 3.1 represents all components used in the
measurement system.
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Figure 3.2: Block diagram of scatter measurement system
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Table 3.1: Component list of scattering measurement system

Main part

Incident laser
illumination

unit

Automated
Goniometric
Arm

Detection

Components (Model, Properties)
– He-Ne Laser (LHGP-0051, λ = 0.534 μm, 0.5
mW)
– Ø 1.5" Post Kinematic V-Clamp Mount
– Optical Chopper System (MC2000),
Chopper Wheel (MC1F15)
– BET-25 Laser Collimator (Object Lens 40 X
0.65, Ø 10µm Micro Pinhole, Ø 1" convex lens )
– Metallic Coated Neutral Density Filter (NDK01)
– Aperture, Polarizer
– Micro Stepping Drive/Controller (SX57-83),
Stepper Motor (SX57-83-E)
– Rotary Table (200RT)
– Machined parts: Mount Rail, Lifting Plate, Base
Plate, Rotary Disc
– Inductive Sensor (Bi2U-M12-AN4X, 65 VDC,
200 mA,
3 EA)
– Plano-Convex Lens (LA1401-AN-BK7, Ø 50.8
mm, f = 60.0 mm, AR Coating: 350-700 nm)
– Lens Tube (2M2M30, Ø 50.8 mm)
– Lever-Actuated Iris Diaphragm (SM2D25, Ø 1Ø 25 mm)
– Adjustable Lens Tube (SM2V15, 1.31" Travel,
Ø 50.8 mm)
– End-On Photomultiplier Tube (77345, ~ 1000 V)
– DSP Lock-In Amplifier (SR830)
Sample
Stage
Sample
Holder

Data
Acquisition
Control
System
Etc.

– Manual Linear Stage (TSX-1A, 2
EA), Rotary Stage (07TRS001),
Port (VPH-3)
– Precise Manual Linear Stage
(TSX-1A),
2 EA), Angular Alignment Mount
(M7-2A)

– NI USB-6009
– NI LabVIEW 2015
– Multi-syntax Programming (SX57-83, Micro
Stepping Drive/Controller)
– Remote Control of Lock-In Amplifier (RS 232)
– High Voltage Power Supply (~1000V to PMT)
– Port (VPH-3)

Description

- Adjustable spot size
- Conversing and chopped Source

- Controllable automated goniometric
motion

- High compatibility to other optics
Less observed source convergence
angle

- Improving measurement signal
noise
- 4 DOF (3 translations, 1 rotations)

- Facilitating precise alignment of a
surface
- Analog to digital convertor with
USB connector
- Programmed for automated
operation
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3.2 Mechanical Design
For the mechanical design, the ultimate goal for the goniometric arm is stability and
maximum radius of rotation to achieve high compatibility with other optical components. Figure
3.3 shows the main components of the designed goniometric arm which consists of the detector
mount rail, the three inductive sensors (HOME, CW and CCW limit switches), the trigger, the
lifting plate, the rotary table (200RT), the rotary disc, the stepper motor (SX57-83-E) and the
base plate. The locations of the inductive sensors were determined geometrically maintaining
their sensing distance from the trigger, and since the length of the detector mount rail is restricted
to the optical table which limits the angular range of the detector mount rail, the allowable
operating radius was determined up to 20" (500 mm). Then, stress analysis and safety factor
analysis on the detector mount rail were conducted. A sample stage was assembled having 4
DOF, which is appropriate for aligning a surface with incident beam. Details of these
components will be discussed in the following sections.
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Inductive Sensors

2“ Hole

Trigger

Detector Mount Rail

Lifting
Plate

200RT Rotary Disc

200RT Rotary Table

Stepper
Motor
(SX57-83-E)

Base Plate

Figure 3.3: Schematic views of main components for mechanical designs in automated
goniometric arm

3.2.1 Automated Goniometric Arm
The first part designed was the base plate. Since mechanical vibration occurs on the
goniometric arm during its movement, the arm is required to be tightly mounted on the table to
reduce the vibration. Steel is stronger and has higher stiffness in comparison to aluminum which
means that it can withstand more vibrating, bending and twisting forces. Thus the base palate
was fabricated from steel. On the base plate, the automated goniometric arm and three inductive
sensors are mounted. A 2" hole was machined on the center for mounting the sample stage along
the center of the rotary disc. Figure 3.4 shows three inductive sensors, home, CW, CCW
mounted on the plate and restricted rotation angle (𝜽𝑹 ) which is restricted by the sensors. Their
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locations were determined based on three considerations. First, because the incident beam is
blocked by the detector at near the incident direction, angle range of the goniometric arm from 12° to 12° does not contribute scatter measurement. Therefore the angle range should be
compensated with the restricted angle which is inevitably made by the limit switches. The
locations of the switches were considered to cover the angle range with the restricted angle (𝜽𝑹 ).
Second, since the type of the inductive sensors is for non-contact detection of metallic targets at
certain range (~ 1.5 mm), their sensing heads have to be within the sensing range from the
trigger. Thus their locations were also considered in order to maintain sensing distances of 1 ~
1.2 mm from the trigger. The third reason was to minimize the restricted angle. Clearance space
on the base plate was limited by the rotary table so that there was limited space for minimizing
the restricted angle by the inductive sensors. Under the mentioned considerations, optimal
restricted angle (𝜽𝑹 ) was achieved having -26° to 16° with respect to the incident axis. Their
operations were established through the stepping controller operation setup, and it will be
described in detail in Chapter 4.
For the case of the detector mount rail design, a 2" center hole and 4 clearance holes for 1/4"
- 20 bolts were machined on the arm. The 2" hole is available for the sample stage to be mounted
on the table and the 4 holes is for the arm to be mounted on the rotation disc. And the one side of
the arm from the 2" hole on the rail has 61 mounting holes (1/4" - 20) on 1" (25 mm) centers
with a 1/2" (12.5 mm) border at the edge of the arm for the detector system. At the other side of
the arm, 6 mounting holes (1/4" - 20) were drilled and tapped for mounting counter weights. The
stepper motor mount head is higher than the rotary disc so that the head obstructs the operating
radius of the detector mount rail on the rotary disc. For this reason, the lifting plate was designed
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to lift up the rail, having cross shape and four counter-bore clearance holes (1/4" - 20). Every
part was made of aluminum except the base plate, and the drawings and measurements for the
parts are found in Appendix A.

(𝒂)

(𝒃)

𝜽𝑹

Sensor
Holder

CCW
Trigger

CW

-12° ~ 12°

Home
Detector

Incident Direction

1 ~ 1.2 mm

Figure 3.4: Schematic views of radius of rotation of goniometric arm (a) and location of
three limit switches (b)

In stress analysis, the analytical conditions can be described as following considerations.
First, the rail is mounted on the rotation plate through the lifting plate, and three loads which are
a counter weight on the left part, the detector and the PMT weight on the right part are applied on
the rail. In this analysis their weights were over estimated 100% more from their measured
weights which are 1.64 kg, 1.12 kg and 2.21 kg respectively. As shown in Figure 3.5, the Von
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Mises stress mostly contributes on the right part near the 2" hole. This is because high moments
are concentrated at the edge of the lifting plate which sustains the rail. In the safety factor
analysis, their safety factor distribution throughout the rail is above 10. Therefore it can be
concluded that the designed rail has sufficient capacity to function as the detector mount.

Von Mises (𝑵/𝒎𝟐 )

Counter Weight

Detector
PMT

Safety factor

45,302,840.0

100.0

41,527,836.0

92.01

37,752,832.0

84.02

33,977,828.0

76.02

30,202,822.0

68.03

26,427,818.0

60.04

22,652,814.0

52.02

18,877,810.0

44.05

15,102,804.0

36.06

11,327,800.0

28.07

7,552,795.5

20.08

3,777,791.3

12.08

2,787.0

4.09

Yield Strength: 349,000,000.0

Figure 3.5: Results of stress and safety factor distributions of detector mount rail

3.2.2 Stage
The optical table having 1/4"-20 mounting holes on 1" (25 mm) centers provides mounting
positions and alignment for optical components. Therefore the sample stage is mounted on the
table through the center of the mount rail, the lifting plate, the rotary disc, the rotary table and the
base plate which has a 2" hole on the center.
Figure 3.6 shows the sample stage and the sample holder designed in this work. There are
numerous possibilities for misalignment while mounting a sample due to diversity of sample
shape. Thus a sample stage is required to be adjusted conveniently and to achieve precise
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alignment. The sample stage was assembled with optical mounts which are X and Z translation
stages, translating optical post and Y rotation stage. The assembled stage has four DOF. As a
sample holder, the angular alignment mount and the translation stage were installed on the
rotation stage along normal axis to a surface. The sample stage and the holder facilitate precise
alignment with incident radiation on a surface at target incident angles.

Sample Holder

Angular Alignment
Mount

Translation Stage
X Translation Stage
Y Rotation Stage

Z Translation Stage

Translating Optical Post
Figure 3.6: Sample stage and sample holder

3.3 Optical Design
For in-plane scatterometer design, a convergent beam must be used to obtain constant flux
density in the incident source. Figure 3.7 (a) shows the general optical setup of the focused beam
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for laser-based measurements, and Figure 3.7 (b) represents the designed optical system for the
in-plane scatter measurement in this research. The aperture A corresponds to the micro pinhole
in the spatial filter unit, and the focusing optic B corresponds to the focusing lens 𝑳𝟏 in the
illumination unit. The detector aperture C corresponds to the aperture, and E and F correspond to
the field stop and the PMT in the detector respectively. It causes the fewest sources of stray light
and does not require additional optics to control divergence of the laser [26]. The light leaving
the source is converged on the aperture A by the focusing optics. Then, it is diverged and
focused again by the focusing optic B. Finally the rays from the optic B reach the detector
aperture C.
The focused beam also has advantages for the near field measurement. For instance, in using
the collimated beam as an incident source, the aperture size of the detector is required to be
enlarged as much as the collimated beam diameter to measure constant flux density. In this case,
scatter measurements would be easily influenced by shining undesired lights from the
experimental environment into the aperture with reduction in measurement resolution. On the
other hand, when using the converging beam, smaller aperture size is achieved as much as the
focused beam size, which enables high resolution measurement. John C. Stover explains other
reasons why a convergent beam is appropriate for the near field measurement [1]. Therefore in
this research, we decided to use a convergent beam, and designed the optical system accordingly.
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Figure 3.7: Schematic views of suggested optical setup for convergent bean (a) [26] and
designed setup (b)

3.3.1 Detector
In our system, scattered light coming into the detector aperture passes through the optics in
the 2" housing and finally arrives at a scintillator of the PMT (Oriel model-77340). The detector
includes the sealing joint, the aperture, the field stop, the polarizer, the objective lens (𝑳𝟐 ), and
the housing. Those were purchased from Thorlabs. As starting from the sealing joint as shown in
Figure 3.8, the PMT is translated along the mount rail to be connected with the edge of the
housing. However, the connection would not completely cover gaps between the PMT and the
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housing. For this reason, a sealing joint was designed to prevent the light leakage into the
detector. The field stop determines the detector field of view by its diameter. The diameter of the
field stop was determined as 1 cm which is less than the scintillator diameter (3.2 cm) so that it
can scale down measured signals, compensating the input limit (~10V) of the lock-in amplifier.
A polarizer was inserted between the field stop and the objective lens. The polarizer was
intended for measuring s-polarized light. The objective lens (𝑳𝟐 ) is located right behind the
aperture mounted on the edge of the housing. The aperture diameter was set as its minimum
value, 1 mm. The length of the housing can be adjusted from 3.5" to 5".

Aperture

𝑫𝑨−𝑭

(𝒓𝒔 = 𝟎. 𝟓~𝟏𝟐. 𝟓𝒎𝒎)

PMT

Sealing Joint
Polarizer
Field Stop

Housing
Objective Lens
𝑳𝟐

Move

Figure 3.8: Details of detector

The graph in Figure 3.9 indicates changes of both the observed convergence angle and
distance (𝑫𝑨−𝑭 ) between the field stop and the aperture, with respect to sample distance (𝑫𝑹 ).
The distance 𝑫𝑨−𝑭 is obtained from the thin lens equation related with the focal length of the
objective lens (𝑳𝟐 ) and the sample distance (𝑫𝑹 ), and the convergence angle from Eq. (29). First
of all, the focal length of 𝑳𝟐 was decided as 59.8 mm which satisfies moderate distance of
𝑫𝑨−𝑭 in accordance with the length of the housing. When the sample distance (𝑫𝑹 ) and the
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focal distance (𝑫𝑳 ) are 139.7 mm and 1.37 m respectively, the convergence angle has a
minimum value of 1.977°, for the distance 𝑫𝑨−𝑭 of 110 mm. Their configurations satisfy
condition that the goniometric arm does not exceed the allowable operating radius 20", having
minimum convergence angle.
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Figure 3.9: Changes of observed source convergence angle and distance between aperture
and field stop with respect to sample distance

3.3.2 Incident Laser Illumination Unit
The laser illumination unit source design was designed with the requirements that the
incident beam to be converging and that the source be chopped at a specific frequency. Figure
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3.10 illustrates the schematic view of the illumination unit. A green He-Ne laser (0.543 μm) was
selected as the primary source. The polarizer was installed to consider the polarization factor on
smooth surface measurement, which is necessary for predicting BSDF from the mentioned
scatter models. The polarizer state was fixed as s-polarization. Following the polarizer, the beam
is chopped by the optical chopper system (Thorlabs, MC-2000) which provides a frequency
adjustment from 30Hz to 1.5 KHz with 1 Hz frequency resolution and a reference frequency
output. The reference output is used to obtain an external reference signal for input to the lock-in
amplifier. Determining the chopper frequency will be described in Chapter 5. The chopped beam
passes through the neutral density filters which decrease the incident flux. The density ratios are
found in Appendix A. The aperture prevents diffracted and scattered lights by the chopper and
the optical density filters from entering the detector. In the spatial filter, the focusing lens (𝑳𝒉 )
(40 X 0.65) focuses the filtered light on the micro pinhole of 10µm diameter. Then, the focused
light is diverged after the micro pinhole and then focused at the detector aperture by the focusing
lens (𝑳𝟏 ).

Chopper
MC1F15

Neutral
Density Filter

Micro
Pinhole

Focusing Lens
𝑳𝟏

MC2000 Optical Chopper System
Performance

DANGER

Aperture
He-Ne Laser
0.543 𝝁𝒎

Polarizer

Focusing Lens
𝑳𝒔

Optical Chopper
System MC 2000

Chopping Frequency
with MC1F15
Frequency Drift
Ext. Reference
Compatibility
Frequency Resolution
Reference Output

Figure 3.10: Schematic view of incident laser illumination unit
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4. SYSTEM CONTROL
The scatter measurement process is automated by using several instruments. A PC controls
the measurement sequence by interacting with the micro stepping drive/controller, the DSP lockin amplifier and DAQ simultaneously. Figure 4.1 shows the connections of the overall
measurement system. The PC communicates with the controller and the lock-in through RS232
communication. The controller monitors the operation of the inductive sensors and the actuator.
The lock-in receives initial signal from the PMT and the frequency reference from the optical
chopper system. A high voltage (~700 V) is applied on the PMT.

Inductive
Sensors

Micro Stepping Driver

Actuator

(SX57-83-E)

(Goniometric Arm)

(Home, CW, CCW)

DAQ

PC

DSP Lock-In Amplifier

(NI USB-6009)

(Control Panel)

(MODEL SR830)
Raw signal

Measured Signal
Reference Frequency

Irradiation source
(Laser)

Optical Chopper
System
(MC 2000)

BNC Connection

Detector
(PMT)
High Voltage

Serial Communication
(USB connection)

Data Acquisition

High Voltage Supplier
(-700 V)

(USB - Analog input)

Sensor and Stepper Motor Connections

Figure 4.1: Schematic diagram of connections of overall measurement system

４１

The micro stepping drive/controller (SX57-83) offers programming functions for their initial
setup, and the DSP lock-in amplifier provides remote control through RS232 communication.
The controller was programmed for the desired functions of the three inductive sensors and the
actuator. Then, a virtual control panel was developed through LabVIEW programming creating a
graphic user interface for the scatter measurement instrument.
Since the automated goniometric arm has a strong torque, unexpected situations must be
under controllable for safety and appropriate operations. Therefore the programming focused on
achieving operation simplicity and minimizing system failures by user operation.

4.1 Actuator
The stepping controller (SX57-83) provides a set of multi-syntax programming (X-language)
offering high-level programming commands used to position the goniometric arm. The software
structures of the controller include IF THEN-ELSE statements, WHILE loops, REPEAT UNTIL
loops, subroutines, and GOTO statements. Also, the programming commands provide
mathematical functions which allow the controller to execute complex decision-making routines
in the software structures. It provides definitions and executions of up to 99 sequences. With the
added programming complexity, a trace mode has been provided to trace step-by-step through
sequences.
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For desired system initialization, we programmed the stepping controller to customize several
functions which are home, CW and CCW limit switches, absolute position, zero position, angular
velocity, angular acceleration, angular deceleration, position reset and home position recovery.
When the trigger is detected by the limit switches, the motion of the goniometric arm is
reversed according to the switch detection. We programmed the stepping driver system to set the
zero position when the trigger is detected from the right side of home sensor. Figure 4.2 shows
home position and the homing case. In Figure 4.2 (a), it is shown that in homing, if the trigger is
not in the sensing area by home and CW limit switch, the home position is detected by the trigger
rotating CW. On the other hand, as shown in Figure 4.2 (b), if the trigger is in the sensing area
due to unexpected temporal malfunction of the sensors in homing, the trigger rotates CCW by
the CW switch, and it is detected on the left side of the home sensor, and then the stepping
controller locates the trigger at its right side.
Through those setups, the goniometric arm can maintain zero position, which is zero encoder
value of the stepping motor, at the right side of the home sensor. After the goniometric arm
reaches the zero position, the system performs the next command that locates the goniometric
arm at 20 ° for the start position. The detailed programming commands are described in
Appendix D. Table 4.1 represents specifications of the stepping controller which shows that this
meets all requirements of our measurement system.
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(𝐚)
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Figure 4.2: Schematic view of homing situations

Table 4.1: Main specifications of micro-stepping system (SX57 series) and rotary table
(200RT)

Model

Micro-stepping
Drive/Controller
(SX57-83)
&
Stepper Motor
(SX57-83-E)

Rotary Table
(200RT)

Parameters

Value

Torque
Speed

Stepping Accuracy
Velocity Accuracy
Velocity Repeatability
Position Range
Acceleration Range

100 oz-in (0.71 Nm)
0.00001 to 50.0 rps (3,000 rpm)
16 user selectable motor resolutions to 50,800
steps/rev
±0 steps from preset total
±0.02% of max rate above 1 rps
±0.02% of max rate
±0–99,999,999 steps
0.01 to 9999.99 rps 2

Load capacities

Up to 200 lbs (91kg)

Drive Ratio
Rotation
Running Torque

180:1
360 degrees continuous travel
25 oz-in (0.18 Nm)

Resolution
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4.2 PC program
LabVIEW provides an excellent environment which enables a user to develop and manipulate
measurement systems without deep knowledge or significant programming experience. The
control panel was developed to perform the following functions as shown in Figure 4.3. Firstly, it
provides mainly two modes: manual and auto. For the manual mode, a user can move the
goniometric arm to any target angle with a given target velocity. The initial resolution of the
rotation is set as 0.01° which is changeable by 0.00008° units. In this mode, a user is able to
start or stop data acquisition from DAQ and operate the goniometric arm in any situation.
Measurement
Mode

Manual

Auto

Fast Measurement

Precise Measurement

Start Position

Start Position

Input
Parameter

Target Angle
End Position
End Position

Angular Increment

Angular Velocity
Sampling Time
Angular Increment
Signal Amplification

Go
Start Measurement

Execution
Data Acquisition

Common
Execution

Stop All

Go Home

Figure 4.3: Functions on GUI control panel

In auto mode, there are two sub-modes: fast measurement and precise measurement. In the
fast measurement, a user is able to seize scatter behavior in a relatively short time but without
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any averaging. When the “Start Measurement” button is pressed, the goniometric arm goes to the
start position, and the control panel starts on data acquisition for 0.5 sec at the position. Then the
arm moves to the next angular position according to the angular increment setting and repeats
moving positions until it reaches the end position. At the end position, the measurement process
ends and “Go Home” button becomes available. For this mode, the time constant of the lock-in
amplifier should be set at less than 30 msec. For the precise measurement, the two input
parameters of sampling time and the amplification range are additionally considered. The
“Sampling Time” setup was designed to hold the goniometric position at each angular increment
until the output signal from the lock-in is saturated. Low pass filters in the lock-in have an effect
on saturation time of the output signal so that the saturation time is adjusted by the time constant
setting in the lock-in. The time constant will be discussed in greater detail in Chapter 5.
Measured signals are amplified according to an amplification angle range and a proportional gain
in the setting of “Signal Amplification”. Therefore, it enables a user to observe a tendency of a
low power signal which is normally too low to be recognizable. Scatter measurement starts by
the execution buttons on the control panel. At the common execution, the “Stop All” button stops
all system processes immediately in any situation.
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Figure 4.4: Graphical user interface in LabVIEW

Figure 4.4 shows the LabVIEW user interface control panel. The control panel is divided into
ten sections. In Section (1), the five lamps represent the system status in scatter measurement.
The different status are represented with start, home, rotation, measurement and done. A light-on
status indicates that the status is ready and a light-off status indicates that the system is not ready.
Moreover, a blinking light indicates that the system is currently working and executing the
particular statues. For example, on successful system initialization, the first lamp “Start” is
turned on, and when the goniometric arm is moving, the rotation lamp blinks. In Section (2), the
two buttons “START” and “HOME” initiate the system. Section (3) includes indicators of the
goniometric arm figure, pins, finish time and read current. The figure and pins enable a user to
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check the goniometric arm position during the scatter measurement performed in a darkroom.
The developed system shows expected measurement finish time on “Finish Time” by calculating
this value using the input parameters. And the “Read Current” indicator shows a current buffer
sent from the micro-stepping drive/controller and the lock-in amplifier. In Section (4), the two
waveform charts show data obtained from DAQ NI USB-6009. The left and right are for auto
mode and manual mode respectively. In Section (5), the obtained signals are taken and averaged,
and the mean values are represented on the chart according to detected angles. This data
acquisition process is expanded in Chapter 5. In Section (6), the switch is for selecting manual
mode or auto mode. Sections (7) and (8) represent control panels for manual and auto mode
respectively, and the lamps represent the selected mode. In Section (7), range of the target angle
is from 16° to 336° with increment adjustment of 0.01°. The angular velocity (rev/s) range of
the stepper motor is adjustable from 0.1 to 3 with resolution of 0.1. In Section (8), the switch is
for selecting the fast or precise measurement. In the fast measurement setting, start position, end
position and angular increment are available. In the precise measurement, the functions of
sampling time and signal amplification in Section (9) are added from the fast measurement.
Section (10) indicates “Stop All” button.
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Figure 4.5: Block diagram and finite state diagram of measurement control system

４９

The PC was programmed based on a polling method that contains both a main loop and
several sub-loops. The loops wait for events from the control panel, the stepping controller and
the lock-in. Then, the control system determines actions according to the received events. Figure
4.5 represents a block diagram and a finite state diagram about the system operation process.
More details regarding the algorithm and functions are provided in Appendix C. Figure 4.5
shows the system initialization process. The finite state diagram shows the system process and
the main events of the three measurement modes. The blue, green and red color boxes stand for
the PC control panel, micro stepping system and DSP lock-in amplifier respectively, and blue
and red arrows represent “YES” and “NO” respectively.
In the initialization process, the PC firsts requests current status to the stepping controller. If
the controller returns “No_ERROR” to PC, the home button is activated. The control system
requests homing to the controller, when the button is pressed. If the goniometric arm arrives at
home, we can select manual or auto mode, and then the system is ready to start the scatter
measurement.
During event and action, the button functions were programmed to be disabled when those
not required to be pressed, which can prevent user confusion and user-caused malfunctioning.
The “Stop All” button is always activated. Thus a user can cope with any unexpected situation
during the measurement process.
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5. CALIBRATION & ALIGNMENT
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2300

2600
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Encoder: 1000~4000 (0.24 degree)

2300

2410 2490

Encoder: 4000

2600

Encoder: 2300~2600 (0.016 degree)

Figure 5.1: Schematic view and results of calibration process between light source and
goniometric arm

The first alignment step is to make the goniometric arm at an angle of 180° parallel to the
incident beam which passes over the axis of rotation of the arm and down the center of the arm
by adjusting both the pitch of the incident laser and the goniometric arm simultaneously. As seen
in Figure 5.1, two apertures, which are 1 mm diameter, were installed at each end of the detector
mount rail so that they increase angular sensitivity and make the beam pass through the axis of
rotation. The PMT with the scintillator toward the incident beam was mounted at the end of the
rail. The yaw axis of the incident beam was adjusted to make the beam pass clearly through the
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two apertures, and the goniometric arm was calibrated for the rail to be parallel with the beam at
the arm position of 180°. When the rail is parallel to the incident beam which passes the two
apertures and the axis of rotation, the output signal from the PMT has a maximum value. So, the
stepping motor encoder value at the arm position of 180° was determined by the maximum
signal value from the PMT. The results in Figure 5.1 show that a peak is observed clearly in the
encoder range of 1000 to 4000. Then, by magnification of the scale in the range of 2300 to 2600,
it is shown that there is no recognizable signal change within the range of 2410 to 2490. Even
though other factors like applied high voltage or aperture size could have effects on the signal
change, we concluded that the displacement of the encoder value of unrecognizable signal
change is 80 encoded steps which is 0.0064° in degree. Thus for a convenient calculation, we
determined the final encoder value of 2450 as the arm angle of 180° and the angle resolution of
0.01°.
When the arm rotates during scatter measurement, the aperture of the detector should face the
axis of rotation for the goniometric arm for the accurate measurement. The 1/4" - 20 hole on the
center of the rotation stage (07TRS001) is considered as being the axis of rotation.
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Figure 5.2: Schematic view of calibration process of center of stage

As shown in Figure 5.2, the aperture with diameter 1 mm was mounted at the end of the arm,
and the laser pointer was mounted at the other end. The calibrated goniometric arm was
positioned at 180°, and the ray from the laser pointer was aligned to be incident on the entrance
of the He-Ne laser passing through the aperture being overlapped with the ray from the He-Ne
laser. Then the alignment needle was mounted on the center of the stage.
If the needle is on the axis of rotation, the incident point of the laser pointer always coincides
with the point of He-Ne laser on the needle during the arm rotation. To observe this, the X
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translation stage was adjusted until the two rays met at the needle in opposite directions. As
illustrated in Figure 5.2, the ray of the laser pointer was blocked and diffracted by the needle, and
both the shadow and the light diffraction were formed on the aperture hole. The Y translation
stage was adjusted at rotation angle of the arm from 16° to 336° by checking that the shadow
and the diffracted light on the aperture maintain their shapes during the arm rotation.
Finally a specular beam on a surface should focus on the aperture of the detector (diameter: 1
mm). This alignment process requires delicate manipulation of the surface. As mentioned above,
the samples were mounted on the sample holder which can be adjusted by the angular alignment
mount and the precise manual linear stage. As shown in Figure 5.3, an Al mirror was mounted in
the holder, with the normal to the mirror positioned at several different incident angles at 20°,
40°, 60° and 70°. The detector was then located at the corresponding specular angles of 40°,
80°, 120° and 140°. At the incident angles, the alignment mount and the linear stage was
adjusted until the specular lights focused on the aperture at their specular angles. After the
adjustments, the intensity distributions near the specular angles were measured at intervals of
0.1° as a function of the scattering angle to their incident angles. The results are shown in
Chapter 7.
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Figure 5.3: Schematic view of verification process of measurement system alignment
(incident beam on Al mirror at 20°, 40°, 60° and 80°)

5.1 Lock In Amplifier and Optical Chopper System
The lock-in amplifier (SR830) receives an analog signal which has a specific frequency and
phase. The purpose of the lock-in is to reduce noise through inner analog and digital fillers. In
this process, the lock-in performs analog-to-digital conversion (16 bit ADC) for the received
analog signal in a microprocessor with sampling time of 256 KS/s. After ADC, the lock-in
defines the frequency and phase of the signal. Then, the lock-in amplifies the digital signal to
match it with the defined inner frequency and phase references. Then, the lock-in multiplies the
digital signal by the defined references, using the phase-sensitive detectors which act as linear
multipliers in the lock-in SR830. Then the multiplied signal goes through low pass filters which
are adjusted by time constant setup. Finally noise signals at other frequencies other than the
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reference frequency are rejected so that the chopped beam signal is generated in RMS value.
More detail information for the lock-in can be found in [27].
Even though the optical chopper system can chop the incident light with a specific frequency
range (20 Hz ~ 1 KHz), obtaining a clear square signal is challenging. The output signal from the
PMT for chopped beams does not coincide in the high chopper frequency due to both the high
impedance amplifier circuits in the PMT and light diffraction by the chopper blades. The chopper
frequency is required to be determined in accordance with charge and discharge time about the
PMT’s output circuit and the light diffraction coming into the PMT.
Figure 5.4 shows the PMT outputs by chopped incident beams according to their chopping
frequencies. The results were obtained by an oscilloscope (Tektronix-TDS5000B) which
provides a 16 bit A/D converter and frequency measurement with sampling time of 500 MS/s.
The significant offsets above chopper frequencies of 150 Hz means that the detected signal
from the PMT does not follow the chopper frequency, and measured frequencies are unstable.
Between 150 Hz and 50 Hz the frequencies are recognizable, but there are still offsets. Below 50
Hz, the frequencies are stably measured and offsets almost disappear. Of course, the lock-in
offers reference configuration for steady offset, but the measured offset varies during scatter
measurement so that it causes significant measurement error in the lock-in. The frequencies less
than 50 Hz are expected to be recognizable in the lock-in amplifier. As shown in Figure 5.5,
signal to noise ratios (SNR) from the outputs of the lock-in amplifier were measured according
to the chopper frequencies. The SNR has largest value from the lock-in amplifier at the chopper
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frequency of 50 Hz among the mentioned results. Thus in this work, we estimated that, and
chopper frequency of 40 Hz was determined as measurement setup.

Measured Frequency

500Hz

400Hz
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Figure 5.4: Outputs from PMT according to chopper frequencies
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Figure 5.5: Measured signal to noise ratios from output of lock-in amplifier with respect to
chopper frequency

To observe change of the saturation times according to time constants, the light source was
blocked by the protective screen when the source had been measured by the PMT, shown in
Figure 5.6. It was found that in the range of the time constants from 100 ms to 3 s, the signal

Lock-in Amplifier

Output

saturation time changed from 2.4 s to 40 s.

Saturation Time

Input

He-Ne Laser
0.543 𝝁𝒎 Protective PMT
Screen

Point of Mounting
Protective Screen

DANGER
DANGE

Figure 5.6: Schematic view of signal saturation measurement from lock-in amplifier
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5.2 Data Acquisition
The output signal from the SR830 is measured using a NI-USB6009 analog-to-digital
convertor interface which provides a 32 bit counter with a full-speed USB interface [28]. It also
provides 14 bits differential and 13 bits single-ended analog to digital conversion modes.
Because the type of output signal from the lock-in (SR830) is differential, the 14 bits differential
mode was selected. For the differential mode, the analog input channel 1 was used. As illustrated
in Figure 5.7, the positive and negative wire from the BNC cable are connected to AI0 (second
pin) and AI4 (third pin) respectively. Its maximum sample rate for the analog input is 48 kS/s. In
case of the manual mode, the data is acquired with the sample rate of 1kS/s and the sample
number of 100, when the DAQ button is pressed. In case of the auto mode, the data is obtained
for the sampling time with the sample rate of 1kS/s and the sample number of 10.
As mentioned above, accurate scatter measurement is not possible in continuous movement
of the goniometric arm without consideration of the time constant. Thus the arm should wait for
the signal to be collected from the lock-in at every measurement angle that is set by the angular
increment controller in the control panel.
Figure 5.8 represents that data acquisition process in the auto mode. When the arm moves on
and stops to the start position, the system starts data acquisition for a specified sampling time.
Then, the last 1000 samples of the acquired data during the sampling time are selected and
averaged, and the averaged data is plotted on the control panel with respect to the measurement
angle. This is called “Step 1”. In “Step 2”, the arm moves to and stops at the angular increment,
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and then the system repeats the process of “Step1”. Then this procedure is repeated until the arm
reaches the final measurement angle.

Specifications of NI USB-6009 (analog Input)
Analog Inputs
BNC
cable
from
RS380

Input resolution
Max sampling rate
AI FIFO
Timing resolution
Input range
Input impedance

8 single-ended, 4 differential
software selectable
14 bits differential
13 bits single-ended
48 kS/s (Single channel)
42 kS/s (Multiple channels)
512 bytes
41.67 ns
±20 V (differential)
±10 V (single-ended)
144 k𝛺

Figure 5.7: Data acquisition unit (NI USB-6009) (left) and specifications of NI USB-6009
(right)
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Figure 5.8: Data acquisition process of precise measurement mode
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6. SCATTER MEASUREMENTS
This chapter describes the system verification process. The designed system should function
appropriately to measure light scattering from various sample surface conditions. First, the
measurement consistency of our system was confirmed by repeated measurements. Then, the
effects of several optical parameters were investigated, which could be expected in accordance
with the theoretical concepts, on scatter measurement. The function of the signal amplification
was also confirmed. Through this procedure, final measurement conditions were determined.
Table 6.1 shows the overall configurations applied throughout all experiments and their
descriptions. The CW and CCW limit switches were deactivated to extend the limited
measurement range up to 360°. ABg and ABC model were fitted by Origin 9.0’s fit function.
Samples used for the verification are shown in Figure 6.1. The samples on Figure 6.1 (a) are
for the BRDF measurements, and the sample on Figure 6.1 (b) is for scatter measurement from
macroscopic particles. As mentioned above, the effective input range of the lock-in is ±10 V.
Therefore the neutral density filters should be varied according to measurement angles to prevent
the PMT output voltage from exceeding 10 V during the sample measurements. The filters used
in the sample measurements can be found in Appendix B.
The samples for the BRDF measurements were composed of eight test samples: the test
samples (A, B, C, D, E and F) and the two Al mirrors. Their surface roughness are isotropic and
different each other. The one of the mirrors was polished by polishing powder of LINDE A 0.3
micron with moderate low pressure on the polishing. Their surface roughness was measured by
Zygo NewView 6300 which uses three-dimensional, scanning white light and optical phase-
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shifting interferometry and AFM respectively. Then, their roughness conditions were identified
by Rayleigh criterion [20, 29], and the samples were classified into 2 groups, rough surface and
smooth surface, according to their surface roughnesses.
Scalar BRDF measurement does not appropriately account for its polarization properties so
that without consideration of their polarization states, each BRDF was measured and compared
⃗⃗ − ⃗⃗𝜷𝒐 |,
in case of the group of rough surface. Their BRDFs were plotted with respect to |𝜷
which is beneficial for investigating negative and positive scatter angle in measured BRDF. And
ABg parameters also provide an appropriate insight for analyzing a derived scatter model on a
sample which meets the requirements for the ABg model mentioned in Chapter 2. Sample A and
D have distinctly different surface roughness, and Sample A agrees more with the requirements
for the ABg model than Sample D. Thus, it is expected that their parameters suggest whether
their measured BRDFs are reliable with our system or not. Therefore, to complement the
reliability, ABg models for Sample A and D were predicted, and their parameters were analyzed.
In the case of smooth surfaces, their polarized BRDFs were measured with s-polarization states
for both incident and scattered light. First, it was investigated whether or not the surfaces follow
Rayleigh criterion by Beckmann (Eq. 13). As shown in Figure 6.2, under smooth surface
approximations of Rayleigh-Rice and Generalized Harvey-Shark models, each PSD were
predicted, and ABC models were fitted using the predicted PSDs to evaluate the scatter
behaviors. Then their BRDFs from the predicted PSDs have been restored and compared with
the measured BRDFs. It was investigated that the measured results followed the typical
characteristics of the scattering models similar to other researches [30, 31]. In light scattering by
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particles (𝐫𝐩 ≥ 𝝀), the scatter behavior was investigated through its BSDF and intensity
distribution.

Table 6.1: Overall measurement configurations
Measurement Configuration
Configurations

Values

Properties

Control Panel (LabVIEW)
Motor speed

1 Rev/s

Sampling time

4s

Angular increment

0.5 degrees

Measurement Range
Chopper Frequency
Time constant
Roll-off
Sensitivity
Sync
Phase
Reference signal
Aperture Diameter
Sample Distance 𝑫𝑹 (mm)
Focal Distance 𝑫𝑳
Aperture Area
Detector Solid Angle
Incident angle
Wavelength
Polarization factor
High voltage (PMT)
Limit Switches (CW, CCW)
Normalized factor for incident
beam intensity at 10 V
Offset factor

Moderate speed for coping with
emergency situation by a user
Signal saturation time 2.4 s at time
constant 100 ms
Covering hole measurement radius with
aperture diameter of 1mm

±90° at normal
±90° for BRDF, 360° for BSDF
axis and 360°
Lock-in amplifier
40 Hz
Recognizable periodic signal
100 ms
(Settling time : 2.4 s)
24 db/oct
Noise filter setting in SR830
0.2, 0.5, 1 V/μA
For signal amplification
On (~200 Hz)
Noise filter setting
Auto phase
External
Reference output from chopper system
Externals
1 mm
Available minimum diameter
139.7 mm
Introduced in Section 3.2.1
1.37 m
Introduced in Section 3.2.1
0.785 mm^2
4.024E-05 sr
From Eq.(2)
20, 45, 70
Investigating effects of large and small
degrees
incident angle on scatter
0.543 μm
He-Ne Laser
1
S-S polarization factor from Eq. (9)
-700 V
High sensitivity of scatter measurement
Facilitating maximum measurement
Disabled
angle
From used neutral density filters for
1258970.2
incident beam shown in appendix B
Compensating negative output
0.1 V
Output range of SR830 (-0.1 V ~ 10 V)
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Figure 6.1: Samples
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2. Scattering phenomena
3. Predicting ABg model - Scalar theory (No Polarization factor)
Smooth surfaces (Al mirror, Polished Al mirror)

Under smooth surface approximation
Rayleigh-Rice vector perturbation theory
𝑩𝑺𝑫𝑭 ≡

𝒅𝜱𝒔
𝒅𝜱𝒊 ∙𝒅𝜴∙𝒄𝒐𝒔𝜽𝒔
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𝟏𝟔𝝅2
𝝀4

) ∙ 𝒄𝒐𝒔𝜽𝒊 ∙ 𝒄𝒐𝒔𝜽𝒔 ∙ 𝑸 ∙ 𝑷𝑺𝑫(𝒇𝒙 )
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Measured
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(Generalized Harvey Shack)

𝝀4
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Figure 6.2: Verification process for scatter measurement from rough surface and smooth
surface
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6.1 Surfaces Roughness Measurements
The surface roughness conditions of the samples were defined by Rayleigh criterion which
classifies the conditions into smooth, moderately smooth, moderately rough, rough and very
rough. The criterion is dependent on incident angles so that incident angles of 20°, 45° and 70°
were considered to the surface definitions.
RMS surface roughness (𝝈𝒔 ) and ratio of the roughness to wavelength for the samples (A, B,
C, D, E and F) are shown in Figure 6.3. In a rough surface group, every surface is a rough
surface except Sample A which is a moderately rough surface at the incident angles. Although
several authors have successfully applied the Rayleigh-Rice and GHS theories to a scattering
model on a moderately rough surface, we didn’t consider applying the theories on Sample A in
this work. According to their roughness conditions among the samples, BRDFs for Sample A, B
and C are compared, and BRDFs of Sample D, E and F are compared together.
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Sample

Surface Height Distribution
(Measured Area: 5.57 mm X 4.18 mm)

Measurement
RMS (𝛍𝐦)
𝝈𝒔 /𝝀

Surface
Condition

A

0.393

0.723

Moderately
Rough

B

0.815

1.501

Rough

C

0.993

1.828

Rough

D

3.185

5.866

Very
Rough

E

13.016

23.970

Very
Rough

F

16.815

30.967

Very
Rough

Figure 6.3: Surface measurement results by Zygo NewView 6300 (Obj : 2.5x Mich, Zoom:
0.50x FOV : 5.57 X 4.18 and scan area: 5.57 mm x 4.18 mm)
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Sample

Surface Height Distribution
(25.2 μm X 25.2 μm)

Measurement
RMS
𝝈𝒔 /𝝀
(nm)

Surface
Condition

Al
Mirror

35.1

0.064

Smooth

Polished
Al Mirror

99.9

0.176

Moderately
Smooth

Figure 6.4: Surface measurement results by AFM

Figure 6.4 shows the surface measurement results of the Al mirrors by AFM. The conditions
of the test mirrors were not perfect, having some scratches so that their surface roughnesses were
measured near an incident area. The surface roughness of Al mirror (𝝈𝑴 ) is 35.1 nm, and it turns
out to be smooth surface. In case of the polished Al mirror, the roughness (𝝈𝑷𝑴 ) is 99.9 nm,
which is considered a moderately smooth surface.
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6.2 Scatter Measurement from Particles
In scatter measurment from particles, the incident beam was chopped and sent into a flask
containing the particles dispersed in a deionized water medium. Figure 6.6 shows SEM images
of the particles. The particles were mounted over the silicon substrate for convenient observation
within the SEM. We could find that the particles predomienently consist of various geometries
having sizes of 𝒓𝒑 ≥ 𝝀. Then, scatter measurment was performed along with scatter angles from
0° to 360° using sveral neutral density filters. Next, its intensity distribution and BSDF were
obtained. It was expected that the scatter behavior was Mie scattering according to the particle
size so that forward scatter which is typical characteristic of Mie scattering and geometric
scattering was observed on the particles as we expected.

Deionized Water
Neutral
Chopper Density Filter
MC1F15

DANGER

He-Ne Laser
0.543 𝝁𝒎

Particles
𝒓𝒑 ≥ 𝝀
Polarizer

Aperture

Figure 6.5: Schematic view of scatter measurement from particles
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Silicon Wafer
1.6 𝝁m
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Figure 6.6: SEM images of particles
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7. RESULTS & DISCUSSIONS
The results of system calibration and alignment, design parameters, BRDF of both the rough
surfaces and the smooth surfaces, and BSDF of the particles are discussed in this chapter.

7.1 Calibration Results
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Figure 7.1: Results of specular reflection measurements according to incident angles of 20°
(a), 40° (b), 60° (c) and 80° (d)
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As mentioned in Chapter 5, the results of the intensity distributions near the specular angles
are shown in Figure 7.1. As can be seen in Figure 7.1 (a), at the detection angle of 40°, the
intensity has the peak value, which coincides with specular reflection at incident angle of 20°, so
that the system had been aligned appropriately among the illumination unit, the goniometric arm
and the stage at incident angle of 20°. However, as shown in Figure 7.1 (b), (c) and (d), at the
incident angles of 40°, 60° and 80°, there were the deviations of their peak values from their
specular reflections on the left of 0.1°. It was estimated that, inadvertently, the stage was slightly
warped in adjustment of stage rotation from the incident angle of 20° to the incident angle of 40°.
However, in the system optical setup, the solid angle of the detector compensates the alignment
deviations of 0.1° with the angular increment of 0.5° for the precise measurement mode. Thus,
we concluded that the measurement system was aligned and capable of performing scatter
measurements.
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7.2 Design Parameters
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Figure 7.2: Results of design parameter changes on scatter measurement (Sample A):
aperture diameter (a), polarization state (b) and signal amplification (c)

Figure 7.2 represents the results of design parameter changes on scatter measurements. As
shown in Figure 7.2 (a), as the diameter of the aperture increases, both overall intensity
distribution and signal to noise ratio (SNR) increase whereas the peak values decrease. This is
because the scattered light averages over the aperture size, which is an inherent error known as
aperture convolution. Although there is an advantage of a higher SNR with the larger aperture,
we decided to use the smallest aperture diameter of 1 mm for improved angular resolution as
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discussed in Chapter 2. As can be seen in Figure 7.2 (b), in the changes of the sample distances,
there is no significant difference on their measured scattering behaviors with the angular
increment of 0.5°. But at the sample distance of 63.5 mm, near the scattering angle of -23°, the
unexpected scattering was detected. It is estimated that the undesired light is reflected from the
sample holder. Thus near sample distances are not recommended in this measurement system. As
shown in Figure 7.2 (c), as already expected in the theoretical concept, the peak value by the ppolarized incident is smaller than s-polarized incident because p-polarized incident is more
transmitted.
The amplified ranges were selected with the amplification rates. As shown in Figure 7.2 (d),
the sensitivities represent amplification rates of 1x, 5x and 10x from upper one. The result shows
that the signal amplification functions well during the measurement. We can observe scatter
behavior of low light level in certain ranges without both modifications of a neutral density filter
and high voltage applied to the PMT.

7.3 Rough Surface Measurements
Figure 7.3 shows the measured BRDFs of Sample A, B, C, D, E and F. As shown in Figure
7.3 (a) and (c), their BRDF peak values coincide with their specular angles. And the smaller
surface roughness has larger BRDF values near the specular angle, and as an increase in surface
roughness, BRDF is increased away from the specular angles. As shown in Figure 7.3 (e), in case
of Sample C at the incident angle of 70°, its peak value is blunt at the specular angle. It is
inferred that as the incident angle increases, the incident area on a surface is also enlarged, so
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that the specular light is more diffused from the surface. However it still shows the typical
phenomenon that with an increase in surface roughness, the scattered light is more diffused from
the specular angles. This redistribution of power is in accordance with the conservation of
energy.
As show in Figure 7.3 (b, d and f), in case of the very rough surfaces of Sample D, E and F,
their peak values near the specular angles are relatively blunt, and in the negative scatter regions,
their scattering behaviors are much more diffused than the scattering in the positive regions. That
indicates typical incoherent scattering from a rough surface. However as the roughness increases,
BRDFs near the specular reflection region are decreased, and the BRDFs is increased away from
the specular angles like the results of Sample A, B and C.
As can be seen in Figure 7.4, the measured BRDFs of Sample A and D are graphed on a
⃗⃗ − 𝜷
⃗⃗ 𝒐 |, and all signal distortions generated by the shades of
logarithmic plot as a function of |𝜷
the detector were compensated by linear interpolation. Not surprisingly, scattering behaviors of
Sample A are more symmetrical than the behaviors of Sample D between negative and positive
scatter regions. In fitting the ABg model, the parameter g is normally bounded between 1 and 2.5
for most optical surfaces. For the case of Sample A, even though the sample was painted black
on the optical surface, the fit parameters of g at the incident angles are at the boundary. The
scattering behavior from Sample A is close to the optical surfaces. Since their peak values of the
BRDFs increase as the incident angle increases from 20° to 70°, the fit parameters of both A and
B don’t show consistency among each result of the incident angles of 20°, 45° and 70°. In spite
of this, the fits on slope parameter g show moderate differences, and the fit parameters of the
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ABg models are moderately matched with the measured BRDFs from Sample A. Therefore, it
can be concluded that this designed system satisfies measurement consistency from a sample at
various incident angles.
On the other hand, although the ABg models for Sample D show moderate fit parameters
about parameter g at the incident angles of 20° and 45°, not only the deviations between the
fitted curves and the measured BRDFs can be found at the incident angles, but also the
parameters have relatively high standard errors for their parameters. Moreover, estimating the fit
parameters at the incident angle of 70° is failed. When we consider the sample is a very rough
surface, this is not a surprising result.
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Figure 7.3: Results of BRDFs of Sample A, B and C (a, c, e) and Sample D, E and F (b, d, f)
at incident angles of 20°, 45° and 70°
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7.4 Smooth Surface Measurements
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Figure 7.5: Results of BRDFs of Al mirror and polished Al mirror at incident angles of 20°
(a), 45°(b) and 70°(c)

As can be seen in Figure 7.5, all signal distortions generated by the shades of the detector
were also compensated by linear interpolation, and the light scattering from the polished Al
mirror diffuses more away from the specular angles than Al mirror at the incident angles of 20°,
45° and 70°. As shown in Figure 7.5 (a), at the incident angle of 20°, the peak value of BRDF of
the Al mirror is higher than the polished mirror, and their scatter behaviors follow a
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comprehensible result which can be easily expected as typical BSDF. However, at the incident
angles of 45° and 70°, their behaviors are not smooth and have different characteristics in
comparison with the BSDFs at the incident angle of 20°. Two mechanisms were considered to
explain the results. First is surface condition. The polishing might not be conducted uniformly
overall, or scratches and contamination on the surfaces might not be controlled. As the incident
angle is increased, the incident beam strikes more scatting area on a surface geometrically. Thus
depending on incident angles, the scatter behaviors are affected by the mentioned uncertainties
on the scattering area. Second is transmittance error of the neutral density filters. As shown in
Appendix B, the optical density filters have the transmittance deviation on each filter, and during
the normalization of the BRDFs according to the scattering angle, the deviations of the used
filters might cause a deviation in the measured BRDFs. Therefore it can be concluded that the
results at incident angles of 45° and 70° are difficult to analyze in typical scattering behavior.
As shown in Figure 7.6, the power spectral density (PSD) of the Al mirror has been predicted
by the two scatter models, Rayleigh-Rice and GHS at incident angle of 20°. As shown in Figure
7.6 (a) and (b), the predicted PSDs do not show tendency of ABC function. It is found that in the
predicted PSDs, three ABC functions can be fitted from certain ranges of spatial frequency. It
can be estimated that even at the incident angle of 20°, the mentioned uncertainties had still been
affected on the scattering behavior. However, as shown in Figure 7.6 (a), the hook by RayleighRice scattering model has been improved in the GHS scattering model. And as can be seen in
Figure 7.6 (c), in case of the predicted BRDFs from the fitted ABC models, it shows that the
predicted BRDF by the GHS scattering model fits better than the Rayleigh-Rice model. The
predicted BRDF by GHS at wide scattering angles is close to the measured BRDF, whereas the
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Rayleigh-Rice expression forces the BRDF to be trend toward zero at ±90° for all surface PSDs.
These results show typical characteristics between the scattering models [30].

(𝐚)

Negative scatter region
Positive scatter region
Scattering model : Rayleigh - Rice
Fitted curve with 3 ABC functions
M / = 0.0646

Surface PSD (Å2m2)

1E+12
1E+10

i = 20 degrees (Al mirror)

1E+08

Hook

1E+06
1E+04
1E+02
1E+00
1E-03

1E-02

1E-01

1E+14

1E+10

i = 20 degrees (Al mirror)

1E+08
1E+06
1E+04
1E+02
1E+00
1E-03

1E+00

1E-02

1.5E+07

BRDF (1/sr)

1E+07

1E-01

1E+00

Spatial Frequency (1/m)

Spatial Frequency (1/m)
4E+07
3.5E+07
3E+07
2.5E+07
2E+07

Negative scatter region
Positive scatter region
Fitted curve with 3 ABC functions
Scattering model : GHS
M / = 0.0646

(𝐛)

1E+12

Surface PSD (Å2m2)

1E+14

Measured BRDF (Al mirror)
Predicted BSDF by GHS
Predicted BSDF by Rayleigh-Rice
i = 20 degrees

(𝐜)

 = 0.543 m
g = 0.583

1E+04
1E+03
1E+02
1E+01
1E+00
1E-01
1E-02

-80

-60

-40

-20

0

20

40

60

80

Scattering Angle (degrees)
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Figure 7.7: Results of predicted PSD (a, b) and restored BRDFs (c) of polished Al mirror at
incident angle of 20°

As shown in Figure 7.7, unlike the results of the Al mirror, two ABC functions have been
fitted by the two scatting models. At the low spatial frequency, the fitted ABC functions have
different slopes against the high spatial frequency. This means that the scattering behavior near
the specular angle is affected by the mentioned uncertainties. However, the result shows
relatively reasonable scatter behavior so that it can be inferred that the uncertainties do not
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significantly have an effect on the behavior of the polished Al mirror in comparison with the
results of Al mirror. And also, the results show typical characteristics between the scattering
models like the results of Al mirror.
From these results, even though we found some uncertainties, the measurement system has
shown consistency. The methods for solving the uncertainties and complementing the system are
suggested in Chapter 9.

7.5 Scatter Measurement from Particles
As shown in Figure 7.8, intensity distributions and BSDFs of the solution and the solvent are
compared. In that measurement, the forward and backward scatterings from a glass containing
the solvent have been observed. In case of particle scattering, it can be found that the overall
scattering diffuses globally. The forward scattering is more dominant than the backward
scattering. It shows expected results of the particles that include both Mie scattering and various
geometrical shapes having sizes of 𝒓𝒑 ≥ 𝝀. So we can conclude our system can perform scatter
measurement from particles.
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8. CONCLUSIONS & FUTURE WORK
In this thesis, an in-plane light scattering measurement system has been developed for
automated measurement of scattering. The main motivation was for the system design was to
allow simple operability, optical compatibility and precise measurement from various surface
conditions. To achieve these objectives, the mechanical and optical design, control system
development, calibration and measurement verification have been conducted.
An automated goniometric arm had been designed through FEM analysis and 3D modelling
simulation for its optimal performance achieving stability of the mechanical structure, the wide
radius of rotation and high compatibility to other optical components. The sample stage and the
sample holder were also designed and assembled having both four DOF and precise alignment
mounts, which facilitate precise alignment of incident angle. In the optical design, the
illumination laser source had been designed as convergent beam [1, 3], and the optics in the
detector had been designed to collect scattered radiation within a specific solid angle set by the
user. Overall design the system focused on minimizing observed source convergence angle for
near scatter measurement. It has been achieved by complementing with the experimental
environments.
The overall control system was developed by programming a PC in LabVIEW and microstepping drive/controller (SX57-83). As a result, both simple operability and safe operation of
the system have been achieved in the PC control panel, interacting with the other instruments.
The goniometric arm was calibrated, and the sample stage was aligned. A proper chopper
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frequency was determined having optimal signal to noise ratio of output signal from the lock-in
amplifier.
The sample surface conditions for the BRDF measurement were defined by Rayleigh
criterion with both measured surface roughness and incident angle, from smooth surface to very
rough surface. The particles for BSDF measurement were observed by SEM. It was found that
the particle sizes are mostly larger than the wavelength. In case of the system calibration, the
system can have specular deviation angle of 0.1° at some incident angles. However, because, the
solid angle of the detector covers the deviation, the results show that the misalignment does not
significantly affect scatter measurement. Through the results of design parameter changes the
optimal measurement configuration was defined for the system.
The measurement results obtained show that the developed system can properly perform
scatter measurement from both rough and smooth surface samples as well as particles suspended
in solution. The results from the smooth surfaces at the incident angle of 20° show good
agreement between the measured BRDF and the predicted BRDFs by Rayleigh-Rice and GHS
theories. This indicates that the system is best suited for making scatter measurement from
smooth surfaces.
To further verify the system for smooth surface measurements, a better reference sample is
needed. The Al mirror used for these tests was not appropriate as a reference sample because it
contained some scratches that led to unexpected light diffraction signals. Thus, using an Al
mirror with fine surface condition is required for scatter measurements from a smooth surface at
large incident angles.

８６

For better precise comparison between measured BRDF and theoretical BRDF by GHS
theory, defining a surface transfer function of a surface is necessary. This GHS theory was
discussed in Chapter 2. For the surface transfer function, the PSD for the surface has to be
defined in advance. The PSD can be measured by surface measurement instruments like Zygo
NewView 600s and AFM. The instruments are used to cover the entire range of the spatial
frequencies of the surface with different resolutions.
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APPENDIX A: Design drawings

Figure A.1: Lifting Plate (inches)
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Figure A.2: Base Plate (inches)
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Figure A.3: 200RT Rotary Disc (inches)

Figure A.4: Detector Mount Rail (inches)
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Figure A.5: Complete Automated Goniometric Arm & Detector (inches)
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APPENDIX B
Table B.1: Transmission deviations of metallic neutral density filters
Metallic Neutral Density Filters
Optical density
D01A
D02A
D03A
D04A
D05A
D06A
D10A
D20A
D30A
D40A

Nominal
transmittance (%)
79.43
63.1
50.12
39.81
31.62
25.12
10.0
1.0
0.10
0.01

Transmission deviation from nominal
(350nm to 800nm)
±2 %
±2 %
±2 %
±1.5 %
±1.5 %
±1.5 %
±1.0 %
±0.2 %
±0.04 %
±0.01 %

Table B.2: Used neutral density filters for scatter measurements from Sample A, B, C, D, E
and F
Used neutral density filters
Incident Angle
20°
45°
70°
Incident Angle
20°
45°
70°

Incident beam
Sample A
D02A + D03A + D04A
+ D05A + D10A
D02A + D03A + D04A
+ D06A + D10A
D02A + D04A + D05A
+ D06A + D10A
Sample D
D02A + D03A + D04A
+D06A
D02A + D03A + D04A
+D06A
D04A + D06A + D10A

D02A + D03A + D04A +D06A + D10A
Sample B
Sample C
D01A + D02A + D05A D01A + D04A + D10A
+ D10A
D01A + D02A + D03A D02A + D06A + D10A
+ D06A + D10A
D01A + D03A + D04A D04A + D06A + D10A
+ D06A + D10A
Sample E
Sample F
D10A
D06A
D04A +D06A

D03A +D06A

D01A + D06A + D10A

D04A + D10A

Table B.3: Used neutral density filters for scatter measurements from Al mirror and
polished Al mirror
Al mirror & Polished mirror
Measurement
range (𝜃𝑖 = 20°)
-90° ~ 19.5°
-20° ~3°

Filters

Measurement
range (𝜃𝑖 = 45°)
-90° ~ 19.5°
-45° ~ 38°

Filters

D10A +
D05A

Measurement
range (𝜃𝑖 = 70°)
-90° ~ 58.0°
58.5° ~ 69°

Filters
D10A +
D06A +
D04A

９６

38.5° ~ 44.5°

D20A +
D10A +
D05A

69.1° ~ 69.7°

D40A +
D06A

44.6° ~ 44.7°

D30A +
D10A +
D05A

69.8° ~ 70.5°

19.8° ~ 20.5°

D40A +
D20A +
D06A +
D02A

45.8° ~ 45.5°

D40A +
D30A

71° ~ 80°

21° ~ 24°

D30A

46° ~ 52°

D20A +
D06A

80.5° ~ 90°

24.5° ~ 60°
60.5° ~ 90°

D10A

52.5° ~ 90°

3.5° ~19.5°

D20A +
D01A

19.6° ~ 19.7°

Table B.4: Used neutral density filters for scatter measurements from particles
Scatter measurement from particles
Measurement range

Filters

0° ~ 30°
30.5° ~ 130°
130.5° ~ 165°
165.5° ~ 195°
195.5° ~ 230°
230.5° ~ 330°
330.5° ~ 360°

D06A + D02A + D01A
D10A + D06A + D03A
D20A + D10A + D06A + D03A
D10A + D06A + D03A
D06A + D02A + D01A

D20A +
D10A +
D06A +
D04A
D30A +
D20A +
D10A +
D06A +
D04A
D10A +
D06A +
D04A +
D03A
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APPENDIX C: Virtual instruments

Figure C.1: System Initialization
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Figure C.2: Manual Mode
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Figure C.3: Auto Mode - Fast Measurement
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Figure C.4: Auto Mode - Precise Measurement
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Figure C.5: Sub VI. - System Initialization

Figure C.6: Sub VI. - Manual Mode
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Figure C.7: Sub VI. - Move (Manual Mode)

Figure C.8: Sub VI. – Graph
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Figure C.9: Sub VI. - Data Acquisition (Manual Mode)
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Figure C.10: Sub VI. - Input Inspection 1 (Precise Measurement)
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Figure C.11: Sub VI. - Input Inspection 2 (Fast Measurement)

Figure C.12: Sub VI. – Move
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Figure C.13: Sub VI. - Fast Measurement (Auto Mode)
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Figure C.14: Sub VI. - Position Indicator
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Figure C.15: Sub VI. - Data Acquisition (Past Measurement)
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Figure C.16: Sub VI. - Graph

Figure C.17: Sub VI. - Finish Time
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Figure C.18: Sub VI. - Precise Measurement (Auto Mode)
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Figure C.19: Sub VI. - Data Acquisition (Precise Measurement)
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APPENDIX D
Table D.1: Detailed commands in multi-syntax programming for SX57-83 initial setup
SX57-83 Initial Setup
Commands in X-Series
Language (SX57-83)
XEALL
Z
LD0
1LD
A10
AD10
V1
D25000
G
1RSE
1XE100
1XD100
1MR11
1MN
1A10
1LD0
1GHA50
1GHAD50
1GHF.5
1GHV-1.5
1OSA1
1OSH0
1OSG0
1OSB1
1MPA
1PZ
1XT
Z

Description
Step 1
Erase All Sequences (erases all defined sequences)
Step 2
Reset (returns all internal settings to their power up values)
Step 3
Enable CCW and CW limits
Step 4
Enables CW & CCW limits. Motion will occur only if the limit inputs
are grounded or connected to limit switches.
Set acceleration to 10 𝑟𝑝𝑠 2
Set acceleration to 20 𝑟𝑝𝑠 2
Set velocity to 5 rps
Set move distance to 25,000 steps
Executes the move (Go)
Step 5
The return response (*NO_ERRORS)
Step 6
Erase sequence #100
Define sequence #100
Configure the motor resolution to 25000 pulses
The mode normal command sets the positioning mode to preset
Set acceleration to 10 𝑟𝑝𝑠 2
Enables CW & CCW limits. Motion will occur only if the limit inputs
are grounded or connected to limit switches.
Set go home acceleration to 50 𝑟𝑝𝑠 2
Set go home deceleration to 12 𝑟𝑝𝑠 2
The velocity of the final approach of the next go home move will be
0.5 rps
Sets go home velocity to -1.5 rps
Hardware limit inputs configured for normally open switches /
sensors
Selects CW side of home signal as the edge where the final
approach stops
Sets the final home approach direction to be CW
Back up to home switch
Set to Position Absolute mode
Zero the absolute counter
End defining sequence #100
Step 7
Equivalent to cycling power to the SX

１１３

Table D.2: Detailed commands in multi-syntax programming for home function of SX57-83
HOME
Commands in X-Series
Language (SX57-83)
GH
XE1
XD1
PZ
V2
D+100000
G

Description
Step 1
Go home in the direction and velocity specified by GHV using the
GHA acceleration
Step 2
Erase sequence #1
Define sequence #1
Zero the absolute counter
Set velocity to 10 rps
Set move distance to 100,000 steps
Executes the move (Go)

